Leptomeningeal enhancement on postcontrast 7T MPFLAIR is more prevalent than prior reports at 3T-occurring at frequencies closer to histopathologic data. Spread/fill foci are associated with reduced cortical gray matter volumes and may represent blood-meningeal barrier breakdown near sites of meningeal inflammation, whereas nodular foci may be a normal variant.
Introduction
Meningeal inflammation is an increasingly recognized histopathologic finding in multiple sclerosis (MS).
1-3 Meningeal inflammation is not just a bystander consequence of the longterm disease processes of MS. Evidence is mounting to support a direct pathophysiologic role for meningeal inflammation, including induction of widespread cortical demyelination, cortical neuronal loss, microglial activation, and oligodendrocyte pathology. [4] [5] [6] Previous attempts at visualization of meningeal inflammation in MS have led to variable and controversial resultsindicating that a novel method is needed. Most prior work focused on gadolinium-enhanced fluid attenuated inversion recovery (FLAIR) MRI, given its high sensitivity for meningeal infections and carcinomatosis. 7, 8 Initial attempts at visualization of meningeal pathology with contrast-enhanced FLAIR on lower field MRI scanners were mostly unsuccessful. 9, 10 However, Absinta et al demonstrated leptomeningeal enhancement in 25% of patients with MS on postcontrast 3 Tesla (3T) FLAIR MRI, which correlated with meningeal inflammation in two autopsy cases. 11 This suggested that leakage of gadolinium into the cerebrospinal fluid (CSF) may be an indirect marker for meningeal inflammation in MS. 12 Although this report and subsequent confirmatory papers 13, 14 were groundbreaking
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observations, it is likely that this approach visualizes only the "tip of the iceberg." Pathologic descriptions of meningeal inflammation in MS report widespread, multifocal meningeal inflammation when present, some element of meningeal inflammation in up to 89% of cases with MS, and ectopic lymphoid follicles in the meninges in nearly half of MS cases. 2, 3, 15 Multiple studies suggest that ultra-high field, 7 Tesla (7T) MRI provides imaging findings in MS more akin to histopathologic descriptions of this condition, including both white matter (WM) lesions and cortical gray matter (GM) pathology. [16] [17] [18] In this study, we investigated whether translation of the gadolinium-enhanced FLAIR approach to 7T MRI would yield findings of leptomeningeal enhancement more analogous to histopathologic studies in MS and allow probing of the relationship between meningeal inflammation and clinical and imaging outcomes.
Methods

Standard Protocol Approvals and Patient Consents
Protocols were approved by the Institutional Review Boards at the University of Maryland School of Medicine, the Johns Hopkins University School of Medicine, and the Kennedy Krieger Institute. Written, informed consent was obtained from all participants.
Participants
Volunteers aged 18-65 with diagnoses of relapsing-remitting MS (RRMS), secondary progressive MS (SPMS), and primary progressive MS (PPMS) according to revised 2010 McDonald Criteria 19 were recruited from the Johns Hopkins MS Center and the University of Maryland Center for Multiple Sclerosis Treatment and Research. Recruitment for this cohort began in September 2014 and concluded in July 2016. A small group of healthy volunteers (HVs) without MS or any other known neurologic condition was also scanned for comparison. Participants were excluded for contraindications to MRI (ie, metallic foreign bodies) or gadolinium contrast (ie, previous allergy to contrast and renal failure).
MRI Protocol
Participants underwent MRI of the brain in a 7T Philips Achieva scanner with a volume transmit/32-channel receive head coil (Novamedical, Wilmington, MA). Dielectric padding was used to improve image homogeneity. 20 A 3-dimensional, multishot turbo spin echo magnetization-prepared FLAIR (MPFLAIR) sequence was obtained at .7 mm isotropic resolution across the whole brain. Imaging parameters were: TR 8,000 ms, TI 2,077 ms, TE 400 ms, SENSE factor 2 × 3, flip angle 90°, 10 minutes and 48 seconds duration. A 3-dimensional, multishot fast field echo magnetization prepared 2 rapid acquisition gradient echoes (MP2RAGE) was also acquired across the whole brain at .7 mm isotropic resolution. Imaging parameters were: MP2RAGE TR 8.25 second, TR 6.9 ms, TI1 1 second, TI2 3.3 second, TE 1.97 ms, SENSE factor 2 × 2, flip angle 1 = 7°, flip angle 2 = 5°, 9 minutes and 46 seconds duration. Images were acquired prior to administration of contrast and again after intravenous administration of .1 mmol/kg of gadoteridol (ProHance R , Bracco Imaging, Milan, Italy). MP2RAGE images were initiated approximately 3 minutes after contrast administration and MPFLAIR images were initiated approximately 20 minutes after contrast administration. The contrast-delay timing for MPFLAIR was chosen based on prior work demonstrating the superiority of delayed postcontrast FLAIR over other sequences for imaging for meningeal disease. 7 
Image Processing and Analysis
MP2RAGE images were processed as per Marques et al 21 to create a T1-weighted image and T1 map. Images were subsequently manipulated in MIPAV (version 7.2, http://mipav.cit.nih.gov) and the analysis pipeline was created using the Java Image Science Toolkit (JIST, version 3.0, https://www.nitrc.org/projects/jist). 22 All images were registered to the precontrast T1 map. An MPFLAIR subtraction image was created by direct subtraction of the postcontrast and precontrast images (Fig 1) .
The MPFLAIR subtraction images were reviewed alongside pre-and postcontrast MPFLAIR by two independent raters (DH and KW), who were blinded to participant identity and disease-state. Hyperintensities on the subtraction image were reviewed on anatomic images and only included if located within the leptomeningeal space (pia, subarachnoid, or subarachnoid space). This included elimination of regions of postcontrast hyperintensity in/near dural sinuses, large subarachnoid veins, and basal meninges, as in Absinta et al. 11 Hyperintense regions were viewed in three orthogonal planes for confirmation and labeling according to the observed pattern of enhancement. Because the concordance coefficient on initial review between raters was poor (Lin's ρ = .046, P = .782), a consensus review was then performed under supervision of an experienced neuroradiologist (II). Concordance between raters and the consensus review were: Lin's ρ = .778, P < .001 for reviewer 1 (DH) and Lin's ρ = .008, P = .966 for reviewer 2 (KW).
A brain image processing and segmentation pipeline was built in the JIST environment, including tools from the CBS Tools processing package for high resolution, ultra-high field MRI 23 and the Lesion-TOADS segmentation algorithm. 24 MPFLAIR images underwent N4 inhomogeneity correction 25 prior to segmentation. Lesion-TOADS segmentation masks were manually corrected for segmentation errors. Raw volumes for WM lesions, cortical GM, cerebral WM, thalamus, caudate, and putamen were normalized to intracranial volume and are expressed as fractions.
Disability Measures
Disability was characterized by the Kurtzke Expanded Disability Status Scale (EDSS) score. 26 The symbol digits modalities test was used to assess cognitive functioning. 27 The modified fatigue impact scale was used to assess MS-related fatigue. 28 
Statistical Analysis
Statistical analysis was performed in Stata 10.1 IC (StataCorp, College Station, TX). Lin's concordance coefficient was used to assess interrater reliability. 29 Group comparisons for demographic and clinical variables were performed using Fisher's exact test, except for EDSS, which was tested by Wilcoxon rank-sum. Group comparisons for imaging findings were tested by Wilcoxon rank-sum. Categorical analyses compared those with/without each of the enhancing foci subtypes. Since nearly all participants had enhancement of one type or another, an additional analysis was performed for those with one solitary focus versus multiple. Significant variables in the categorical comparisons for volumetric measurements were further interrogated in a multivariate regression model, with adjustment for demographic variables attaining significance in group comparisons. All statistical tests were performed with a significance threshold of P = .05. Adjustments for multiple comparisons were not performed given the exploratory nature of the study.
Results
Twenty-nine participants with MS were recruited. Fifteen participants (52%) were females and 14 (48%) were males. Their mean age was 45.1 (SD 11.2) years and their mean disease duration was 10.1 (SD 7.0) years. Most of the participants were of the relapsing-remitting phenotype (n = 21, 72%). Four participants had SPMS (14%) and four participants had PPMS (14%). No participants had any comorbid neuroinflammatory disorders. Most participants with MS were on disease-modifying Enhancing leptomeningeal foci present, n (%) 26 (90%) Spread/fill foci present, n (%) 22 (76%) Nodular foci present, n (%) 15 (51%) Number of enhancing foci (any type), median (range) 2.0 (0-8) Number of spread/fill foci, median (range) 1 (0-6) Number of nodular foci, median (range) 1 (0-7) MS = multiple sclerosis; n = number.
therapy (76%). This consisted of four (18%) on interferon-β, four (18%) on glatiramer acetate, three (14%) on natalizumab, one (5%) on teriflunomide, two (9%) on fingolimod, and eight (36%) on dimethyl fumarate. This was a relatively stable and moderately disabled population, with a median of 0 relapses (range 0-1) in the year prior to the study visit and a median EDSS score of 3.0 (range 1-6.5). Furthermore, no contrastenhancing WM lesions were seen in any subject on review of T1-weighted images. Three HVs were scanned for comparison. There were two males and one female, with an average age of 37.3 (SD 8.1) years. Table 1 describes the frequency of leptomeningeal enhancement seen in this cohort. Twenty-six of 29 (90%) participants had at least one focus of enhancement in the leptomeningeal space on postcontrast MPFLAIR. Participants had a median of 2 foci per subject (range 0-8). Two distinct patterns of leptomeningeal enhancement were noted and termed "nodular" and "spread/fill." Nodular foci (examples in Fig 2) appeared as small, discrete nodules of contrast either at the pial surface or in the subarachnoid space. Nodular foci were quite small, usually 1-2 voxels (.7-1.4 mm) in diameter, and were spherical-shaped. This pattern was seen in 15 of 29 (51%) subjects. The overall median number of nodular foci per subject was 1 (range 0-7). Among the 15 subjects who had nodular foci, a median of 1 (range 1-7) nodular foci was seen. Spread/fill foci (examples in Fig 3) appeared as larger, nebulous areas of contrast in the subarachnoid space. Spread/fill foci often had a visual appearance reminiscent of contrast leakage from one or multifocal sites, with amorphous spreading throughout the local subarachnoid space through fluid dynamics and diffusion, filling and settling into local sulci. Twenty-two of 29 (76%) participants had spread/fill foci, with an overall median of 1 (range 0-6) per subject. Among the 20 MS subjects who had spread/fill foci present only, the median number of spread/fill foci seen was 2 (range 1-6). Nodular and spread/fill foci occurred simultaneously in 11 (38%) MS participants. None of the observed foci had any clear signs of parenchymal cortical or WM involvement.
No instances of spread/fill foci were seen in any of the three HV subjects. However, two of the three HVs were found to have nodular foci (Fig 4) . One subject's images demonstrated two and the other demonstrated three nodular foci.
Regions of leptomeningeal contrast enhancement on MPFLAIR were reviewed on coregistered T1-weighted MP2RAGE images, and no analogous regions of contrast in the leptomeningeal space were seen. Coregistered T1-weighted MP2RAGE images were also reviewed for the presence of vasculature at sites where contrast leakage was noted on MPFLAIR (cerebral vessels are hyperintense on MP2RAGE images). Although vessels at times could be noted near sites where contrast had been seen on MPFLAIR, no vessels were at the exact coregistered coordinates or of the same dimensions and shape as areas of contrast enhancement on MPFLAIR images. Thus, none of the regions of leptomeningeal contrast enhancement on MPFLAIR could be explained simply as contrast flowing through a leptomeningeal vessel.
Demographic and clinical characteristics were compared between those with multiple enhancing foci (> 1) and a single (ࣘ 1) enhancing focus and those with or without spread/fill and nodular foci (Table 2) . MS subjects with spread/fill foci were significantly older than those without (P = .005), whereas those with nodular foci present were significant younger than those without (P = .047). No other significant demographic or clinical differences were found, including no significant differences in levels of disability.
Brain structure volumes and WM lesion volume were compared between those with multiple enhancing foci (> 1) and a single (ࣘ 1) enhancing focus and those with or without spread/fill and nodular foci (Table 3) . Participants with spread/fill enhancing foci had a smaller normalized cortical GM volume (median .267, range .174-.306) than those without (median .296, range .239-.309) (P = .020). Since spread/fill foci were more common in older participants in this cohort, a regression analysis was utilized to determine if the association of spread/fill foci and reduced cortical volume was independent of age. The presence of spread/fill foci predicted reduced cortical volume in a univariate model (coefficient = -.025 [95% confidence interval (CI): -.041, -.01], P = .003). The same relationship was present with adjustment for age in a multivariate model, however, it was reduced to a nonsignificant trend (coefficient = -.019 [95% CI: -.040, .002], P = .073). There were no significant differences in WM lesion, cerebral WM, thalamus, caudate, or putamen volume in those with and without spread/fill foci. No significant differences were found for any segmented volumes based on no or solitary foci versus multiple foci or for nodular versus without nodular foci present.
Discussion
This study demonstrates that the clear majority of patients with MS (90%) have signs of leptomeningeal enhancement when scanned with a delayed-acquisition, high-resolution, postgadolinium 7T MPFLAIR approach. To our knowledge, this is the first prospective description of the frequency of meningeal inflammation at ultra-high field in MS. These data support the notion that meningeal inflammation is highly prevalent in MS and suggest that its presence was hidden from previous study due to limitations in imaging technology. Although this was an in vivo study and thus no histopathologic confirmation could be performed, prior data have confirmed a link between leptomeningeal enhancement on FLAIR MRI and meningeal inflammation in MS. 11 Compared to prior data, the proportion of patients with leptomeningeal enhancement in this study more closely approximates findings from autopsy studies in MS. For example, Howell et al 2 found at least one example of moderate meningeal inflammatory infiltrate in hemispheric sections in 107 of 123 (87%) autopsies of patients with SPMS. The same authors subsequently described at least mild inflammatory infiltrate into the cerebellar meninges of 24 of 27 (89%) of progressive MS cases. 15 These data suggest that the imaging approach used in this study may be a closer approximation of the in vivo presence of meningeal inflammation in MS.
Postgadolinium FLAIR is ideally suited as a surrogate biomarker of meningeal inflammation. The noted exchange of B-cell clones between the meninges and peripheral circulation in MS patients would require disruption of the bloodmeningeal and blood-CSF barrier surrounding leptomeningeal vessels, 30, 31 leading to gadolinium leakage. Cytokine-mediated barrier disruption likely occurs close to regions of meningeal inflammation, especially near meningeal lymphoid follicles (seen in ß40% of autopsy cases in MS), where inflammation is highly concentrated and coordinated release of cell-recruitment cytokines occurs. 1, 32 Blood-meningeal and blood-CSF barrier disruption in this setting is likely subtle, resulting in minor leakage of gadolinium. The concentration of any gadolinium leaked into the CSF compartment would also be immediately reduced through passive diffusion into the CSF and active washing away by CSF flow dynamics. These properties explain the lack of leptomeningeal enhancement seen on gadolinium-enhanced T1 MRI in MS. 10 Extravasation of very low concentrations of gadolinium into the CSF, however, shortens T1 relaxation times and results in reduced fluid signal suppression on FLAIR. 33 This results in a nearly 10-fold increase in the sensitivity of FLAIR over T1-weighted MRI for gadolinium in CSF. 34 Furthermore, the T2-weighting of FLAIR suppresses signal from high flow structures, removing cortical/meningeal vessels from view and ensuring that any visualized gadolinium must be outside of a vessel. 8 The association between spread/fill foci and reduced cortical GM volumes in this cohort warrants further study. It is unclear if this relationship is independent of age, given the association of spread/fill foci and advanced age in this cohort and progressive brain atrophy with both normal and diseased brains with time. Although statistical significance was lost for this association when considering age as a covariate, this adjustment did not alter the magnitude or direction of the observed relationship, and it is quite possible that this trend would remain significant if the sample size were higher. The link between spread/fill foci and reduced cortical GM volume without a WM = white matter; GM = gray matter; n = number. *P < .05. All volumes are normalized to intracranial volume and are thus expressed as fractions (without units). Median values are shown with range in parentheses. These data show a significant reduction in cortical GM volume in those with spread/fill enhancing foci, indicating a link between reduced cortical GM volume and spread/fill leptomeningeal enhancement.
similar link found to WM lesion volume or deep gray nuclei in this report is consistent with pathologic data suggesting a direct pathophysiologic link between meningeal inflammation and cortical pathology. [2] [3] [4] MS patients with meningeal inflammation at autopsy are described to have widespread cortical demyelination and neuronal loss, but the relationship between such pathology and WM lesion burden is weak. Furthermore, histopathologic studies describe gradients of cortical demyelination, loss of cortical neurons and oligodendrocytes, and cortical microglial activation emanating outward from adjacent meningeal lymphoid follicles. 4 This suggests that meningeal inflammation in MS may be directly causative of cortical pathology, perhaps resulting in a more disabling phenotype. Indeed, MS patients with meningeal lymphoid follicles at autopsy are reported to have had more rapid disability accumulation and faster time to death than those without. 3, 35 Our data confirm similar results from an analysis of leptomeningeal enhancement and cortical atrophy in MS at 3T 13 and both studies put together help make a case for the pathologic significance of meningeal enhancement on MRI in MS.
It is unclear from this study if the two patterns of leptomeningeal enhancement ("nodular" and "spread/fill") represent different physiologic entities or if they are on a continuum. The presence of nodular foci in two of three HVs may suggest that this pattern of enhancement may be a normal variant. Spread/fill foci, on the other hand, were not seen in any HVs, and their presence was associated with reduced cortical volumes in MS participants-all supporting the notion that this pattern is indeed pathologic. However, full determination of the pathologic/nonpathologic nature of these observations will require further study with larger cohorts, including larger numbers of HVs.
The two types of foci, at least in the MS population, could also exist on a continuum. The association found in this cohort between spread/fill foci and older aged participants and nodular foci and younger participants suggests the possibility that nodular foci represent an earlier stage in the process of the development of meningeal inflammation in MS. With only minimal, focal meningeal inflammation, the disruption of the blood-meningeal barrier may be small, only allowing a minimal or slower amount of gadolinium leakage, which may appear as small nodules. As the MS disease process advances, and more widespread meningeal inflammation develops, perhaps aggregating into meningeal follicles, the blood-meningeal barrier disruptions may become more extensive (either multifocal, wider, or both), allowing for more extensive gadolinium leakage into the CSF space-visualized as spread/fill foci. Further study will be required to better sort out these differences, including dynamic contrast-enhancement protocols and longitudinal follow up of this and similar cohorts.
There are other, alternate explanations, including the possibility that nodular foci represent gadolinium restricted in flow by meningeal fibrosis, arachnoid trabeculae, or lymphatic structures, whereas spread/fill foci may simply occur in areas where CSF flow is less obstructed. Although the signal from higher flow vessels is suppressed on FLAIR, and thus nodular foci cannot represent contrast flowing through arteries or higher flow veins, 8, 10 nodular foci could also alternately represent a small region of venous stasis or turbulence in a small cerebral vein.
There was a striking difference in the rate of leptomeningeal enhancement seen in this study (90%) compared to prior 3T approaches (25% in Absinta et al and 50% in a more recent study). 13 Even if one removes nodular foci from consideration, this increased sensitivity is still seen for spread/fill foci (76% in this study). If leptomeningeal enhancement does indeed represent meningeal inflammation (as suggested by prior imagingpathologic correlation 11 ), our 7T imaging protocol may be a much more accurate in vivo measure of the true extent of leptomeningeal inflammation in MS. Indeed, compared to prior work at 3T, our findings are much closer to rates of meningeal inflammation (nearly 90%) and inflammatory meningeal follicles (40-50%) described in pathologic literature. 2, 3 A true conclusion as to whether 7T MRI provides increased sensitivity for leptomeningeal enhancement in MS cannot be made without a direct comparison between 7T and 3T scans in the same subjects. This is therefore a limitation of this study. However, there are several reasons to suspect that this is indeed the case. Multiple prior studies in MS have demonstrated increased sensitivity for all aspects of MS pathology at 7T compared to lower fields. [16] [17] [18] Further, the physical properties of a 7T scanner are particularly suited toward imaging the type of pathology being investigated here. Although there is a mild decrease in the r1 relaxivity of gadolinium at 7T compared to 3T, this effect is likely offset by the increased signal-to-noise and contrast-to-noise ratios achievable at 7T. 36 These properties allow creation of imaging protocols at fine resolution (.7 mm 3 in this study) with excellent discrimination of physiologic detail and suppression of background noise-all essential for visualization of subtle pathology.
Alternately, the differences between our study and prior 3T evaluations may be protocol-driven, as previous studies had shorter or variable delays between contrast administration and scanning. 10, 11 Delayed scanning is likely necessary, as this provides time for gadolinium to leave the arterial vascular pool, leak through areas of barrier breakdown, and collect in regions of slow CSF flow. 37 Our analysis methodology, utilizing both a pre-and postcontrast image, with review of coregistered subtraction images may also have increased visual sensitivity to subtle regions of enhancement. This was not performed in previous studies due to lack of acquisition of precontrast images in all cases. 11, 13, 14 Without utilization of a precontrast comparator, it is also possible that the true rate of leptomeningeal contrast enhancement at 3T may be less than previously reported.
The conclusions of this study should be taken with caution given the small sample size. This small sample size particularly limits our conclusions about the relationship between our data and the clinical status of patients (ie, disability levels, progressive vs. relapsing phenotypes, etc). The findings of this pilot study will hopefully lead to the ability to perform similar evaluations with a larger cohort and perhaps at multiple sites in the near future. Further, caution should be taken when reviewing our findings considering the small number of HVs in the control population-a clear limitation of this work. It should be noted, however, that comparisons to larger numbers of HVs at 3T have already established leptomeningeal enhancement on FLAIR as a pathologically specific finding in prior work, 11 enough so that subsequent reports did not see the need for inclusion of control subjects. 13 Future work should also concentrate on evaluating the rates of similar enhancement seen in other inflammatory neurologic disorders, given recent observations of similar rates of leptomeningeal enhancement in other infectious/inflammatory neurologic disorders on 3T MRI.
14 Further, the links seen in our study between leptomeningeal enhancement and reduced cortical volume are consistent with both prior imaging and pathologic data, indicating that our findings are indeed real and pathologically significant. However, this report is intended as a preliminary description of the findings of a pilot investigation of this unique imaging protocol. Future work will concentrate on accumulation of higher numbers of MS subjects, inclusion of more controls, and longitudinal follow up, allowing more accurate assessments of the relationship between leptomeningeal enhancement on contrast-enhanced 7T MRI, clinical outcomes, and traditional MRI measures of disease burden. Longitudinal follow up for the evolution of enhancing foci will also allow for clarification if nodular and spread/fill foci are on a longitudinal continuum or represent distinct processes. Furthermore, our use of 7T imaging will allow future analyses to interrogate the relationship between meningeal inflammation and cortical pathology, such as cortical lesions and focal cortical atrophy.
This study demonstrates that further work is necessary to elucidate the ideal protocol for imaging of meningeal inflammation in MS. This will likely require 3T versus 7T comparisons and varying contrast acquisition times and analysis methodologies. The importance of developing an ideal and consistent method is clear, however. Meningeal inflammation has pathologic significance, highlighted by the topological association of meningeal inflammation with cortical demyelination and atrophy and the cytotoxic effects of the secretory products of inflammatory meningeal follicles. 6, 22, 38 The presence of meningeal enhancement in this study despite the use of immunomodulatory therapies by the vast majority of subjects also suggests that current disease-modifying therapies may not adequately control meningeal inflammation. Until an in vivo marker for meningeal inflammation is validated, this cannot be confirmed, nor can new therapies targeting meningeal inflammation be adequately screened. Although our study has limitations, and thus conclusions about its clinical significance should be tempered, this work will contribute to the eventual development of a validated and accurate surrogate biomarker of meningeal inflammation in MS, sparking future study and development of therapeutics.
